We report on a new measurement of the g factor of the (13/2 + ) isomeric state in the neutron-rich nucleus 69 Cu. This study demonstrates the possibility of obtaining considerable nuclear spin alignment for multi-quasiparticle states in single-nucleon removal reactions. The time-dependent perturbed angular distribution (TDPAD) method was used to extract the gyromagnetic factor of the (13/2 (14) ns] isomeric state of 69 Cu. Its g factor was obtained as g(13/2 + ) = 0.248(9). The experimentally observed spin alignment for the state of interest was deduced as A = −3.3(9)%.
I. INTRODUCTION
Magnetic moment measurements of isomeric states provide valuable information on the composition of their nuclear wave functions. In the immediate vicinity of 68 Ni they can probe both the robustness of the Z = 28 shell closure as well as a possible enhancement of the N = 40 subshell gap. The nuclear structure in this region is not yet fully understood. Comparing 68 Ni to the doubly-magic 56 Ni it can be observed that it has high excitation energy of its first 2 + state [1] and a very small B(E2; 0 + → 2 + ) transition probability [2] . Both those features could be considered as a signature of doubly-magic character. On the other hand, the two-neutron separation energies are quasiconstant around N = 40 [3, 4] and do not show a kink, characteristic for a shell closure. Another possible explanation for the high 2 + excitation energy in 68 Ni could be looked for in the parity change between the neutron pf orbitals (below N = 40) and νg 9/2 [2, 3] . Even if the energy gap between those might be relatively small at least two neutrons need to be excited to νg 9/2 in order to obtain a positive parity state. The fragility of the N = 40 stabilization effect and its delicate influence on the structure around 68 Ni * Corresponding author: kusoglu@istanbul.edu.tr is supported by recent large-scale Monte Carlo shell-model calculations, which demonstrate the importance of the proton excitations across the Z = 28 shell gap [5, 6] for the correct description of the nuclei in the region. Furthermore, adding or removing two or more protons leads to the disappearance of the magicity at N = 40 in the iron (Z = 26) and zinc (Z = 30) isotopes [7, 8] . Studies of the properties of 69 Cu, a single proton above the 68 Ni core, should allow for an additional test of the N = 40 subshell closure. By measuring the g factor of the (13/2 + ) isomeric state in 69 Cu, and comparing it to large-scale shell-model calculations, we aimed at probing the purity of its wave function.
A number of nuclear-moment studies of exotic nuclei in the vicinity of shell closures have been performed using projectile fragmentation reactions [9] [10] [11] [12] [13] [14] [15] [16] . Although the spin orientation in these reactions can be considered as well established, the amount of the orientation, especially as a function of the number of the removed nucleons, is still being investigated (see, e.g., [16] ). In the present study we have used for the first time a single-nucleon removal reaction for the population of multi-quasiparticle state. In a previous measurement of the same (13/2 + ) isomer in 69 Cu [17] [|g| = 0.225 (25) ] the state of interest was populated from the fragmentation of 76 Ge thus removing seven nucleons from the primary beam nucleus. In the same study a 300 μm Si detector, positioned a few millimeters upstream the implantation host, was kept constantly in the beam for an event-by-event ion identification. This resulted in a significant electron pick-up of the ions before their implantation. The interaction, in vacuum, of the randomly oriented electron spins J with the nuclear spin ensemble I causes a significant decrease of its orientation [18] . Therefore the amount of the experimentally observed spin orientation in that experiment is significantly lower, compared to that observed in a latter study [11] .
II. EXPERIMENTAL DETAILS
In the present experiment, the 69 Cu nuclei were produced at RIKEN, Japan, by a single-proton removal from the primary beam. The 70 Zn beam, having an energy of 63.13 MeV/u and an intensity of ∼ 20 pnA, was impinging on a 101.46 mg/cm 2 9 Be production target which was positioned at the entrance of the RIPS separator [19] . An Al achromatic wedge-shaped degrader of 84.99 mg/cm 2 was placed at the first focal plane (F1) of RIPS in order to select the fragments of interest. The purity of the secondary beam was further adjusted by specific slits openings at the second and third focal planes with typical values of ±10 mm for F2 and ±70 mm for F3. A Si detector was used for the beam identification, applying the standard E vs time-of-flight technique. This detector was removed from the beam during the data taking and was replaced by a 50 μm thin plastic scintillator. This allowed to increase considerably the implantation rate without deterioration of the detector. More important the amount of fully stripped ions was increased to 98%. This plastic scintillator detector was used as well for providing the start t = 0 signal for the isomeric lifetime measurement.
The nuclear spin alignment depends strongly on the momentum distribution ( p/p) of the secondary beam [9] . Therefore, in order to look for the optimum experimental conditions, we performed measurements at several different momentumselection regions, denoted as A, B, C, D, and E in Fig. 1 . The width of the momentum selection p/p = ±0.15% was set up by using the momentum slits on the first focal plane of RIPS by opening them to ±3 mm (F1). As it can be observed from Fig. 1 , the 69 Cu momentum distribution lies between two primary beam charge states, namely a fully stripped (Q = 30 + ) and a hydrogen-like (Q = 29 + ). The intensity of the fully stripped primary beam charge state, if fully transmitted up to the implantation point, is practically identical to the one at the production target (∼ 20 pnA) and the intensity of the hydrogen-like charge state is one to two orders of magnitude less intense. Therefore during the secondary-beam tuning (using the Si detector) the momentum slits were set considerably narrower compared to the data-taking time, when the Si detector was replaced with the thin plastic scintillator. This did not allow us to get a quantitative figure for the beam purity in the specific experimental conditions. Four coaxial HPGe detectors were used for detecting the γ ray of interest. Ion-γ coincidences were registered in a time interval of 2 μs with a start signal provided by the plastic scintillator and a stop signal from the Ge detectors. The isomeric γ rays of 69m Cu were observed only for the C, D, and E momentum-selection regions. The ions of interest were implanted in an annealed 1 mm thick Cu foil, positioned at the center of the set-up between the poles of an electromagnet, as illustrated on Fig. 2 . An electromagnet provided an external magnetic field of 0.50(1) T in vertical direction pointing upwards at the Cu foil position. The four coaxial HPGe γ -ray detectors were placed in a horizontal plane (perpendicular to the magnetic field direction) at polar angles θ = ±135
• and θ = ±45
• with respect to the beam axis.
III. DATA ANALYSIS
The TDPAD method was used for the g-factor study of the (13/2 + ) isomeric state in 69 Cu [21] . This technique is based on the measurement of the intensity variation of the γ rays as a function of time. That variation is directly related to the nuclear spin axis sweeping past the γ -ray detectors. Taking the intensity difference of two detectors, positioned at 90
• with respect to each other in a plane perpendicular to the external magnetic field, and normalizing it to their sum gives the standard R(t) function [21] . It is defined as
where A 2 is the angular distribution coefficient, which depends on the nuclear spin of the state emitting the γ ray and the multipolarity of the emitted radiation; ω L = −(gμ N / ) B is the Larmor frequency; B 2 is the orientation parameter; θ is the angle between the beam axis and the detector position; and α is the rotation angle between the secondary beam direction and the symmetry axis of the spin-aligned ensemble at the implantation point. It can be expressed as α = −θ C (1 − (gM/2Q)) [17] , where θ C is the deviation angle of the secondary beam through the fragment separator (θ C = −π/2 in the specific case of RIPS), M is the mass number, and Q is the charge state of the ions. The R(t) function provides information both on the g factor of the state of interest (through the Larmor frequency) and on the degree of spin alignment A which is related to its amplitude. The spin alignment A can be calculated as
where R amp = 3A 2 B 2 /(4 + A 2 B 2 ) is the oscillation amplitude and α 2 (m) = I (I + 1) − 3m 2 is defined in such a way, that −1 A 1 [22] . For maximum oblate or prolate alignment, all nuclei are produced, respectively, in the lowest m = 0 or ±1/2, or the highest m = I substate. Thus, α 2 (m) is described in Ref. [23] .
A typical γ -ray energy spectrum obtained in the present experiment is shown in Fig. 3 . The level scheme for the (13/2 + ) isomeric decay is displayed in Fig. 4 and the measured efficiency-corrected γ -ray intensities are presented in Table I transitions below the isomer in 69 Cu is shown in Fig. 5 . The half-life of the isomer, considering statistical uncertainty only, was obtained as T 1/2 = 351(14) ns, which agrees well with a previous measurement [17] .
Energy-gated time spectra were used to construct the experimental R(t) functions for all decay transitions for different detector combinations as defined in Eq. (1). For the 189.7-keV transition, the observed oscillation phase is consistent with a pure E2 transition. It allows us to fix the multipolarity of this transition as listed in Table I . An R(t) function with reasonable statistics was observed for the sum of the 189.7-keV and the 1710.6-keV E2 transitions for the HPGe detectors placed at θ = ±135
• [see Fig. 6(a) ]. The g factor of the isomer of interest was obtained by fitting the experimental data ( Fig. 6) ( ω L ) were considered free parameters. The result obtained was g(13/2 + ) = +0.248 ± 0.008, where only statistical uncertainties are included. In addition systematic uncertainty of about 2% need to be added due to the variation of the magnetic field at the target position. As a result, the experimental g factor for the g(13/2 + ) = +0.248 ± 0.008(stat.) ± 0.005(syst.) or g(13/2 + ) = +0.248 (9) is deduced in the present measurement.
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IV. RESULTS AND DISCUSSION
The positive sign of the obtained g factor can be determined taking into account the sign dependence of the nuclear spin alignment as a function of the momentum distribution [9] and the E2 multipolarity of the isomeric 189.7-keV transition. It is in agreement with the large-scale shell-model calculations (see further). In Fig. 6(b) , the R(t) function for the sum of all M1 transitions is presented for the same detector combination as for the E2 transitions in Fig. 6(a) . The signal-to-noise ratio is not sufficient to achieve a reliable fit based only on these data. However, the solid line drawn on the figure using the fit parameters of Fig. 6(a) demonstrates that the R(t) function of the M1 transition has an opposite sign compared to that of the E2 transitions as expected.
The degree of spin alignment obtained in the single-nucleon removal reaction was deduced from the amplitude (R amp ) of the R(t) function of the 189.7-keV γ -ray transition assuming a pure E2 transition (A 2 = −0.3962 [25] ). From the deduced amplitude of the R(t) function [R amp = 0.011(3)] we could obtain a spin alignment of A = −3.3(9)% for 69 Cu. So far spin alignment in single-nucleon removal reaction has been measured only for the case of 12 C( 13 C, 12 B) [26] . The value obtained in that measurement for the center of the momentum distribution, A = 4.7(1.6)%, is in line with our present observations.
In order to compare our g-factor results to the theory, we performed shell-model calculations using the ANTOINE code [27, 28] . The energy levels and electromagnetic moments were calculated using the JUN45 [29] and jj44b 1 [30] interactions. They are having the same model space, including 1f 5/2 , 2p 1/2 , 2p 3/2 , and 1g 9/2 , both for protons and for neutrons above a 56 Ni inert core. The calculated level scheme is presented in Fig. 7 and compared to the experimental one. The detailed structure of the 69 Cu is not precisely reproduced by either of the two interactions. In particular our calculations are unable to reproduce the positions of the 7/2 − , 9/2 − , and 11/2 − states which might arise from proton excitation across Z = 28. It has been shown that those excitations are of particular importance for the understanding of the structure of the N = 40 shell gap in 68 Ni [6] . In the present paper we will focus on the results obtained for the (13/2 + ) isomeric state observed at 2741 keV. A good agreement is obtained for the excitation energy using the JUN45 interaction with a theoretical value of 2731 keV, while with the jj44b interaction the theoretical value (2917 keV) is slightly above the experimental one. In the two calculations the wave function of the isomeric state 1 The jj44b Hamiltonian was obtained from a fit to about 600 binding energies and excitation energies with a method similar to that used for the JUN45 Hamiltonian. Most of the energy data for the fit came from nuclei with Z = 28-30 and N = 48-50. With 30 linear combinations of the good J-T two-body matrix elements varied, the rms deviation between experiment and theory for the energies in the fit was about 250 keV. is dominated by two main components: πp 9/2 (C2). The total contribution of these two components corresponds to ∼ 55% of the total wave function on average and varies between the JUN45 and jj44b interactions. In JUN45, the ratio C1/C2 is about 4.1 whereas with jj44b this ratio decreases to ∼1.7.
Two sets of g factors were used in the calculations of the magnetic dipole moment of the isomeric state. In the first one the standard free-nucleon g factors, g for both protons and neutrons as suggested in Ref. [29] . The results are presented in Table II . All theoretical g factors are within three standard deviations from the experimental value. However, taking into account the small differences between the free-nucleon and effective g factors for the two interaction no clear preference can be given to either. In order to give a qualitative indication of the complexity of the wave function and the sensitivity of the g factors to the configuration mixing, we performed extreme single-particle calculations (no configuration mixing included) for the aforementioned C1 configuration. The values obtained g free = 0.387 and g eff = 0.317 differ considerably from the experimentally obtained g factor of the (13/2 + ) isomer in 69 Cu [g exp = 0.248 (9) ]. This indicates that, although isomeric states next to shell closures are expected to have quite simple configurations, this clearly is not the case for the present three- quasiparticle isomer. The mixed configuration of the isomeric state reinforces the evidence that 68 Ni is not a good magic core.
V. CONCLUSIONS AND OUTLOOK
In summary, we obtained a more precise measurement of the g factor of the 13/2 + isomer in 69 Cu, compared to a previous study [17] . We also demonstrated that a useful degree of nuclear spin alignment can be obtained in single-nucleon removal reactions even for multi-quasiparticle states. Shell-model calculations using the JUN45 and jj44b interactions both fall close to the measured g factor, indicating a mixed configuration with excitations across N = 40. For more detailed insight into the composition of the wave function from g-factor measurements in this region, it is evident that the choice of the effective M1 operator must first be considered because it can be as important as the choice of interaction. Such a study goes beyond the scope of the present work. It will require a detailed comparison of theoretical and experimental magnetic moments in the region. Another direction to explore, in order to get better understanding of the structure around 68 Ni, might be to evaluate the effect of proton excitations across the Z = 28 shell gap.
